The synthesis, cytotoxicity, inhibition of tubulin polymerization and anti-angiogenic effects of 10 analogs of 2-methoxyestradiol are reported. These efforts revealed that the analog with a 4-pyridine ring in the 17-position, in combination with 2-ethyl-and 3-sulfamate substituents on the steroid A-ring, is the most interesting anti-cancer agent. This compound showed potent inhibitory effects against angiogenesis (IC 50 ¼ 0.1 AE 0.02 mM) and selective cytotoxic effects towards the CEM, H460 and HT-29 cancer cell lines, with no cytotoxicity observed against the healthy VERO cell line. The most interesting analog also displayed inhibition of tubulin polymerization (IC 50 ¼ 4.3 mM) almost as potent as 2-methoxyestradiol (IC 50 ¼ 3.5 mM). Molecular modeling experiments showed that this analog interacts within the colchicine-binding site of b-tubulin via multiple bonding with several amino acids. These observations provide support that the cytotoxic and anti-angiogenic effects observed for this novel analog are, at least in part, mediated by binding to tubulin.
Introduction
Several steroids, exemplied by compounds 1-6 in Fig. 1 , display anti-cancer effects and some have entered the drug market. The endogenous steroid 2-methoxyestradiol (2-ME, 1) exhibits anti-vascular effects 1 and anti-angiogenic activities. 2 In 1989, Seegers et al. reported that high micro-molar concentrations of 1 affected dividing cancer cells.
3 Five years later, D'Amato et al. reported that 1 was a tubulin polymerization inhibitor and a competitive inhibitor of colchicine. 4 A number of biological studies followed which showed that the steroid 1 possesses many interesting anticancer effects without any undesirable estrogen activity.
5,6
2-ME (1) has entered several clinical trial development programs, 7 and some structural-activity relationship (SAR) studies have been conducted with 1 as the lead compound. ENMD-1198 (2) is one example that emerged from these efforts. 9 Another anti-cancer steroid is abiraterone (3) that is used, as its acetate prodrug, in combination with prednisone (4) against metastatic castration-resistant prostate cancer. Abiraterone (3) is marketed under the trade name Zytiga™, 10 see Fig. 1 .
Recently we reported that the two compounds 5 and 6, see Fig. 1 , with a 4-or a 6-substituted isoquinoline ring in the 17-position of the steroid skeleton of 2-ME (1), respectively, showed inhibition of tubulin polymerization and antiangiogenic effects in the low micro-molar range.
11 It has been reported that substituting the methoxy group with an ethyl group in the 2-position of 1 has resulted in new analogs with interesting anti-cancer effects.
12 Based on our previous ndings, we wanted to conduct a SAR-study substituting the 2-methoxy group with an ethyl group, as well as introducing an aryl moiety in the 17-position of 1. Previously, it has also been reported that replacing the phenol in the A-ring of 2-ME (1) with a sulfamate group has resulted in enhanced cytotoxicity. 13 Hence, we wanted to include also this substituent in our studies. Overall, this resulted in the design of the novel steroids 7a-7e and 8a-8e. The synthetic work, molecular modeling studies and the biological evaluation of these novel 2-ME (1) analogs are presented herein.
Results and discussions

Chemistry
The synthesis of compounds 7a-7e and 8a-8e commenced with the ortho-formylation reaction 14 with estradiol 9 as the substrate, in the presence of a mixture of para-formaldehyde, MgCl 2 and Et 3 N in reuxing THF. As previously reported, 15 the regioisomeric ratio was observed to be 13 : 1 in favor of the desired salicylaldehyde 10. Regioisomeric pure product was obtained in 81% yield aer chromatography. Then a Wittigreaction between 10 and the yield of methyltriphenylphosphonium bromide, the latter obtained aer reaction with sodium tert-butoxide, afforded the styrene 11. Reduction of the double bond in 11 with hydrogen in the presence of palladium on carbon gave the desired 2-ethyl substituted estradiol 12 in 61% yield over the three steps (Scheme 1). Further modication of the 17-position was achieved in a three-step protocol. Oxidation of 12, followed by TBSprotection of the phenol in 13, yielded the ketone 14. Compound 14 was converted, as previously reported, 16 to the enol triate 15. The triate 15 was reacted in a Suzuki-Miyaura cross-coupling reaction with the enumerated boronic acids (Scheme 1), affording the desired products 16a-16e in 73-84% yields. Finally, deprotection of the TBS-group using an excess of tetra-n-butyl ammonium uoride followed by purication by column chromatography yielded the desired 2-ethyl estrone analogs 7a-7e as stereoisomeric pure products. The introduction of the sulfamate in the 3-position of 1 was achieved by reacting the phenol with sulfamoyl chloride in the presence of 2,6-di-tert-butyl-4-methylpyridine (DBMP) in dichloromethane as solvent. The products 8a-8e were obtained in 69-76% yields.
Biological evaluations
Cytotoxicity. The products 7a-7e and 8a-8e were evaluated, together with 2-ME (1), for their cytotoxic effects 17 in three different cancer cell lines, and also against the non-cancer VERO cell line. Cytotoxicity of each compound was determined using the SRB assay and the O.D. of each compound for the SRB assay was obtained. The IC 50 -value was calculated from the curve between OD and concentrations. The results are compiled in Table 1 .
The two compounds 7a and 8a exhibited potent cytotoxic effects against all of the cancer cell lines. Unfortunately, these compounds also inhibited the growth of the VERO cell line. The phenyl ring attached at the 17-position of the steroid skeleton is apparently detrimental for any selective inhibition towards cancer cell growth. Among the other analogs tested, several of the compounds proved to be active, especially towards the human CEM leukemia cell line. Noteworthy, all of the compounds except 2-ME (1) exhibited lower activity towards the lung cancer cell line H460 and the colon cancer cell line HT-29. Compound 8c showed good activity towards the CEM leukemia cell line (IC 50 ¼ 8.0 AE 1.4 mM). To our delight, this compound did not exhibit any activity towards the VERO cell line. Analogs 8a-8e exhibited better cytotoxic properties than 7a-7e. Among these analogs, the only active analogs were compounds 7b and 7e that showed cytotoxic effects in the CEM cell line. The introduction of the 2-ethyl and the sulfamate substituents gave better selectivity as well as cytotoxicity against the human CEM leukemia cell line.
Inhibition of tubulin polymerization. All compounds were submitted to the tubulin polymerization assay 18 at 10 mM with colchicine and paclitaxel as positive and negative controls, respectively ( Table 1 ). The inhibition rate was calculated as described in the ESI. † The IC 50 -value against tubulin polymerization inhibition was determined for each of the compounds 8a-8d. Among these compounds, 8c displayed the most potent inhibition of tubulin polymerization (IC 50 ¼ 4.3 mM). For the lead compound, 2-ME (1), the IC 50 -value was determined as 3.5 mM. The IC 50 -values for 8a, 8b and 8d were determined to be 8.1 mM, 6.1 mM and 7.7 mM, respectively.
Anti-angiogenic activity. The anti-angiogenetic activity of the prepared analogs was tested using an endothelial cell tube formation assay 11, 17 Among the prepared analogs, seven proved more active than 1. Interestingly, the three compounds 8b, 8c and 8d were considerably more potent than 2-ME (1), with IC 50 -values of 0.2 AE 0.03, 0.1 AE 0.02 and 0.7 AE 0.04 mM, respectively. In the anti-angiogenetic assay, the IC 50 -value for 1 was determined to be 3.2 AE 0.22 mM. The rest of the compounds did not show any anti-angiogenetic activity (IC 50 > 10 mM). The substitution pattern with an ethyl and a sulfamate group in the 2-and the 3-position, respectively, on the A-ring, gave the most potent anti-angiogenetic compounds. However, removing the sulfamate group in the 2-ethyl analogs, as in compounds 7a-7e, reduced the activity in the endothelial cell tube formation assay. The most potent compounds in this assay were compounds 8b and 8c that revealed anti-angiogenetic effects in the nanomolar range, with IC 50 -values of 0.2 AE 0.03 and 0.1 AE 0.02 mM, respectively.
Molecular modeling. The Internal Coordinate Mechanics (ICM) program 19 was used for docking of compounds 8a-8d and 2-Me (1) into the b-subunit of tubulin using the 1SA0 X-ray structure. 20 The docking showed that the orientations of the lead compound 2-ME (1) and the compounds 8a-8d are similar in the colchicine binding pocket of tubulin (Fig. 2) . It has previously been reported that 2-ME (1), in the micromolar range, is a competitive inhibitor of colchicine. 4 Several studies have conrmed this observation. 21, 22 Our molecular modeling studies revealed that the methoxy-group of 2-ME (1) interacts with the side chain of Thr314, the backbone amino acids of Val315 and Asn350, while the phenol group in 1 interacts with the side chain of Lys352 and the backbone amino group of Asn349. The docking indicates that a hydrogen bond between the phenol group in the A ring of 2-ME (1) and the side chain of Lys352 is very likely. The hydroxyl group at the C-17 position in 1 interacts with the side chain of Cys241 (Fig. 2 ) also by hydrogen bonding.
The molecular modeling studies of the novel analogs showed that the sulfamate group present in compounds 8a-8d interacts within a pocket consisting Asn349 (backbone oxygen), Asn258 (side chain oxygen) and Lys352 (terminal side chain hydrogens). Hydrogen bonding interactions were formed between the side chain of Lys352 and the sulfamate group (Fig. 2 ) and all compounds 8a-8d. The 2-ethyl group of 8a-8d form hydrophobic interactions with Thr314, Val315, Asn350 and the side chain of Lys352. The phenyl group of 8a, the 3-pyridine group of 8b, the 4-pyridine group of 8c, and the 4-isoquinoline group of 8d all interacted in a hydrophobic pocket consisting of Val238, Cys241, Leu248, Ala250, Leu255, Ala316, Val318, Ala354, and Ile378.
Discussions
The introduction of an ethyl group in the 2-position of 2-ME (1) has previously been reported to afford potent inhibitors against angiogenesis. 12, 23 This knowledge, together with the introduction of new analogs substituted in the 17-position, gave several potent cytotoxic agents that also inhibited tubulin depolymerization. Moreover, introducing the sulfamate group in the 3-position enhanced both the cytotoxicity and the tubulin inhibition, but also resulted in better inhibition of angiogenesis, as seen for compounds 8a-8d. Overall, compound 7a displayed the most potent cytotoxic effects. However, towards the development of new anti-cancer agents, the most promising candidate is compound 8c. This compound showed cytotoxic effects in all three cancer cell lines, but no such effects against the VERO cells. In addition, this compound also exhibited very potent anti-angiogenic activities in the nanomolar range. Corey and coworkers have reported that the position of the nitrogen atom in the heterocyclic substituent at the C-17 position in some steroids is essential for potent anti-angiogenesis activity. 24 Moreover, It has been reported that sterols interacts with several proteins and biological targets. 25 The compounds reported herein may exhibit their mode of actions by interacting with multiple biological targets. The anti-angiogenic activities displayed by the new analogs reported herein are also dependent on the substitution pattern. Compound 8c also displayed inhibition of tubulin polymerization (IC 50 ¼ 4.3 mM) in the same range as for 2-ME (1), IC 50 ¼ 3.5 mM. Compounds 8a, 8b and 8d showed slightly less effects towards inhibition of tubulin than both 1 and 8c. The molecular docking showed that the virtual ligand screening (VLS) scoring function values for of compounds 8a-8d with tubulin were all in the same range as the scoring of 2-ME. The new analogs 8a-8d exhibited similar binding mode in the colchicine binding pocket as the lead compound 2-ME (1) (Fig. 2) . These observations were also reected in the comparable IC 50 -values obtained from the tubulin inhibition studies, see Table 1 . However, compound 8a had a slightly better scoring in tubulin than 8a-8d indicating that changing the phenyl group of compound 8a into a 3-or a 4-substituted pyridine ring, as for 8b and 8c, respectively, or into a 4-isoquinoline group as for 8d, decreased the binding affinity to b-tubulin compared to 8a. These parts of the compounds interact in a hydrophobic region of b-tubulin and the phenyl group of 8a seems to obtain more favorable interactions than the nitrogen containing ring systems (Fig. 2) .
Conclusion
In total, 10 new analogs of 2-ME (1) have been prepared using the ortho-formylation and the Suzuki-Miyaura reactions. All analogs were evaluated for their cytotoxic effects, as well as their anti-angiogenic activity and inhibition of tubulin polymerization. Compound 8c exhibited more potent cytotoxic and antiangiogenic effects than 1. This compound has a sulfamate group in the 3-position of ring A in the steroid skeleton. Such sulfamates of estrogens have been reported to be multi-targeted anti-cancer agents, 22 and the biological effects of the new analogs reported herein may also arise via such mechanisms. Such types of anti-cancer agents are of current interest towards the potential development of remedies against cancer, including leukemia. 26 The results presented herein provide new information on such new lead compounds.
Experimental
General methods
All reagents and solvents were used as purchased without further purication unless stated otherwise. Melting points are uncorrected. Analytical TLC was performed using silica gel 60 F254 aluminum plates (Merck). Flash column chromatography was performed on silica gel 60 (40-63 mm) produced by Merck. NMR spectra were recorded on a Bruker Avance DPX-300 MHz, DPX-400 MHz or DPX-600 MHz spectrometer for 1 VG Pro spectrometer. High-resolution mass spectra were performed with a VG Prospec mass spectrometer and with a Micromass Q-TOF-2™. The HPLC analyses were performed on an Agilent Technologies 1200 Series instrument with an Eclipse XDB-C18 (5 mm 4.6 Â 150 mm) column. Optical rotations were measured using a 1 ml cell with 1.0 dm path length on PerkinElmer 341 polarimeter in dedicated solvent. Protocols for the preparation, physical and spectral data of the intermediates 10-16 and products 7a-7e and 8a-8e are presented in the ESI. †
Cancer cell growth inhibition
To assess cell viability, the AlamarBlue® (AB) assay (dye purchased from Biosource International, Nivelles, Belgium) was used as previously described. 11, 17 This involved aspirating medium at the end of each treatment period and adding 100 ml of fresh medium containing 10% v/v AB to control and treated wells. Plates were incubated at 37 C for six hours prior to measuring the absorbance at 540 nm and at 595 nm wavelengths using a spectrophotometric plate reader (DYNEX Technologies, USA). Experimental data were normalized to control values.
Inhibition of tubulin polymerization
The method applied was that described by Lawrence and coworkers. 18 The assay was performed using a commercial kit (Cytoskeleton Inc., Denver, USA). Briey, samples were prepared directly in a 96-well microtiter plate that was preincubated at 4 C in the fridge for 30 min and contained
Mes buffer [128 ml (0.1 M Mes, 1 mM EGTA, 0.5 mM MgCl 2 , distilled water, pH 6.6)], GTP (20 ml, 5 mM in Mes buffer), tubulin (50 ml, 11 mg ml À1 in Mes buffer) and the test compound (20 ml in DMSO). The tubulin and samples of test compounds were immediately placed in a 96-well plate reader, alongside the blank samples containing Mes buffer (198 ml) and the analogs (10 ml, same concentration). The absorbance (l 340 nm) was recorded at 25 C temperature for a period of 60 min. The polymerization curve was made as OD of each sample (Y axis) vs. recording time (X axis). The AUC (area under curve) between zero to 30 minutes was obtained to present the polymerization degree using Sigmaplot so-ware. Aer AUC was obtained, the average AUC was calculated (see ESI †) to get the inhibition percentage. Colchicine was set as 100% inhibition and paclitaxel as 0%. The IC 50 -value was calculated aer obtaining the curve equation of inhibition % (Y axis) and concentration (X axis) using Excel.
Inhibition of angiogenesis
The method applied was essential that described previously.
17
Endothelial cell tube formation assay was modied from a method previously described. 11 Matrigel (12.5 mg ml À1 ) was thawed at 4 C, and 50 ml was quickly added to each well of a 96-well plate and allowed to solidify for 10 min at 37 C. Once solid, the wells were incubated for 30 min with endothelial cell (30 000 cells per well). Aer adhesion of the cells, the medium was removed and replaced by fresh medium supplemented with compounds with ve different concentrations ranging from 10 mM to 0.001 mM and incubated at 37 C for 18 h. The tubes of growth were visualized with an inverted ZEISS microscope at a magnication of 10. The tube formation areas were obtained using KURABO Angiogenesis Image Analysis Soware. The length of the capillary network was quantied with a map scale calculator (KURABO Angiogenesis Image Analysis Soware). Inhibition curve was obtained between areas and concentrations to get the IC 50 -value.
Molecular modelling
The Internal Coordinate Mechanics (ICM) program 19 was used for docking of compounds 8a-8d and 2-ME (1) into the b-subunit of tubulin. The docking studies were performed with the tubulin structure from the X-ray complex of tubulin with colchicine (PDB id: 1SA0). 20 Crystallographic water molecules, ions and co-crystallized inhibitors were removed from the X-ray complexes and hydrogen atoms were added and optimized using the ECEPP/3 force eld of ICM. The compounds were built using ICM and optimized before docking. A grid map that included the amino acids within 5Å of the co-crystallized inhibitors was calculated, and semiexible docking with exible ligands was performed. Each docking was run in three parallels. The docking poses were scored using the Virtual ligand scoring (VLS) module of the ICM program.
General procedure for the preparation of compounds 7a-e
The TBS protected steroids 16a-e (0.3-0.4 mmol, 1.0 equiv.) were placed in a dry round-bottomed ask under argon atmosphere, and dissolved in dry THF. Tert-butylamoniumuoride (1 M in THF, 1.1 equiv.) was added drop vise. The reaction mixture was stirred at room temperature (16-18 h.) . Upon completion the reaction the mixture was poured into saturated aqueous NaHCO 3 (10 ml), and extracted with ethyl acetate (4 Â 5 ml). The combined organic extracts were dried (MgSO 4 ) and the solvent evaporated in vacuo. The residues were puried by chromatography (silica gel, 20-50% ethyl acetate in hexane) to give the pure products.
( General procedure for the synthesis of 8a-e
The estrogen (1 equiv.) and 2,6-di-tert-butyl-4-methylpyridine (3.0 equiv.) were added to a round bottomed ask and dissolved in dichloromethane under argon atmosphere. The mixture was cooled to 0 C before sulfamoyl chloride (2.95 equiv.) was added. 
